INTRODUCTION
Oilfield produced water is a term used in the oil industry to describe the water that is produced along with the oil and/or gas [1] . Produced water (PW) is the largest waste stream generated in oil and gas industries. It may include water from the reservoir, water previously injected into the formation, and any chemicals added during the production processes. The volume of produced water is continuously increasing, as long as the wells are getting older and new wells are perforated. Every year, about 14 to 18 billion barrels of produced water are generated from on-shore oil and gas production in the U.S. alone [2] . In some cases, the volume of water increases so fast that it can reach more than 50% of the total liquid production in a couple of years and up to 90% at the mature stage [3] . Due to the increasing volume of waste all over the world in the current decade, the outcome and effect of discharging produced water on the environment has lately become a significant issue of environmental concern [4] . Major pollutant in oilfield wastewater is oil which may range between 100 and 1000 mg l -1 or still higher depending on the efficiency of demulsification and nature of crude oil [5] . Another matter of great concern is the high salinity in oilfield produced water, because it poses difficulties for treatment processes. Produced waters typically contain high levels of dissolved solids [6] . Currently PW is typically disposed in injection wells as waste or for pressure maintenance of the reservoir. Treatment of this produced water could improve the economic viability of these oil and gas fields and lead to a new source of water for beneficial use [7] . Beneficial use of produced water can increase water supply and reduce the volume of concentrate brine for disposal [8] . Successful treatment of complex produced water generally requires a series of operations be used to remove different contaminants [9] .
In order to meet environmental regulations as well as reuse and recycling of produced water, many researchers have focused on treating oily saline produced water [4] . In general, produced water treatment is approached through deoiling and de-mineralizing before its disposal or utilization. Various technologies and methods exist for treatment of oil field produced water [10] . Most oil removal technologies cannot achieve the separation required to meet water quality standards [11] for beneficial use by meeting potable and irrigation water quality standards [12] .
The use of membrane processes for treatment of produced water has several advantages over many of the traditional separation techniques [13] . During the last two decades significant advances have been made in the development and application of microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) processes. Some of the significant advantages are: (a) The membrane is a positive barrier to rejected components, (b) no addition of chemicals is required, (c) membranes can be used in process to allow recycling of selected waste streams and (d) membrane equipment has a smaller footprint, (e) energy costs are often lower and (f) the plant can be highly automated [7] .
The use of ceramic membranes for treatment of wastewaters is growing in certain applications and above all in those filtration processes where polymeric membranes cannot be applied [14] . Advantages of ceramic membranes include higher fluxes, due to their higher porosity and more hydrophilic surface, compared to organic membranes. The resistance of ceramic membranes against mechanical, chemical and thermal stress allows a better recovery of membrane performance [15] . The weakness of ceramic membranes arises mainly from the manufacturing process, which makes it difficult to achieve a reproducible final product quality [16] . This along with the intrinsically brittle character of ceramic membranes makes them always more expensive than polymeric membrane systems. The study presented here focuses on the efficient development of single and combined treatment processes for tank dewatering produced water and different prepared oily model solutions using different ceramic membranes. The process consists of a pre-treatment step using cross-flow MF and a single or multistage post-treatment step utilizing cross-flow UF and NF.
Oilfield wastewater characteristics
Knowledge of the constituents of specific produced water is needed for regulatory compliance and for selecting management/disposal options such as secondary recovery and disposal [2] . The physical and chemical properties of produced water vary considerably depending on the geographic location of the field, the geologic formation, and the type of hydrocarbon product being produced. Produced water properties and volume also vary throughout the lifetime of a reservoir [17] . The basic components of produced water can be grouped into the following main categories: oil, heavy metals, radionuclides, production chemicals, salt, and dissolved oxygen. Produced water may contain high levels of chlorides -as much as 10 times more than seawater [18] . The salinity of produced water is due to dissolved sodium and chloride and is less contributed by calcium, magnesium, and potassium. Salt concentration of produced water may vary from a few parts per million (ppm) to about 300,000 mg l -1 [19] .
EXPERIMENTAL

Multistage filtration system
Multistage cross-flow membrane filtration equipment with MF-, UF-, and/or NF-systems in parallel was conducted using a stirred tank (ST) with the membrane modules ( Fig. 1 ). Each membrane system is comprised of the centrifugal pump, the ceramic membrane unit, the feed, permeate, retentate streams (maximum operating pressure and temperature of 3 bar and 90ºC respectively) and the back flushing unit with a maximum operating pressure of 10 bar. At regular time intervals, back flushing was executed pumping a mixture of permeate or water and air, reversely. The mean pressure at the membrane was determined by measuring the pressure before and after the membrane and averaging these values; this pressure is reported as the trans-membrane pressure (TMP). All filtration experiments were carried out at 60°C. 
Studied ceramic membranes
The ceramic membranes used in this study are tubular and consist of a porous support material (generally α-alumina), a minimum of one layer of decreasing pore diameter and a separating layer (α-alumina, zirconia, etc.) covering the internal surface of the tube. In Table  1 , the properties of the ceramic membranes used in this investigation are listed. 
Cleaning of ceramic membranes
Fouling through suspended oil and grease, particles and colloids and salts is one of the most common problems and a major operational factor encountered in produced water treatment applications of membranes [20] . To reduce membrane fouling, the effect of chemical cleaning and back flushing on ceramic membranes was investigated. Chemicals used for membrane cleaning were lye solutions (1 % (w/w) NaOH solution, Ultrasil P3-14, Ultrasil P3-10 for 30 to 60 min), dissolved in distilled water. Back flushing is a method applied commonly to remove a layer of retained material [21] . Here, the flow was reversed for 3-8 sec. to flush the membrane pores from permeate and, thus, to release material retained in the membrane pores.
Model oily wastewater
Different model solutions (MS) were prepared in a heated stirred tank through mixing waste oil (5%-30% (w/w)) with distilled water for 30 min at 60°C (Tab. 2). To simulate a primary process of separation from oil, the mixture was unstirred for 30 min to clarify. The free oil was recovered and pumped back to the waste oil tank. The model oily wastewater showed a uniform yellowish color.
Studied PW characteristics
Samples of tank dewatering produced water (TDPW) were obtained from German BP AG, Oil Refinery Emsland, Lingen. The concentration range of components in TDPW used in this study is given in Tab. 2. 
Analytical measurement
The analysis of oil in water was executed using an oil-in-water analyzer based on UV fluorescence (TD-500D, Nordatec GmbH, Bremerhaven/Germany). TOC concentrations were determined using the TOC cell test and a photometer (Photolab S6, WTW, Weilheim/Germany). Using a multi-range conductivity meter (HI 9033, Hanna Instruments, Kehl am Rhein, Germany), the electric conductivity in feed and permeate were determined.
RESULTS AND DISCUSSION
Selecting a set of optimum operation conditions is an important issue in membrane filtration which influence the filtration flux, the quality of permeate and the fouling extent of membrane [22] . The permeate flow rate depends on surface area of membrane, dissolved-solids concentration in the feed stream, cross-flow velocity and transmembrane pressure (TMP) applied across the membrane. In this study, the effectiveness of the single and combined MF, UF and/or NF processes for treatment of tank dewatering produced water and different model solutions was evaluated in terms of the permeate flux rates and degradation, fouling behavior, oil and TOC removal efficiency and conductivity reduction.
The behavior of membrane fouling
Fouling of membrane can be defined as irreversible deposition of material onto or into the membrane, causing flux decline. In general, increasing flux leads to an increase in polarization and fouling, which limits the flux [23, 24, 25] . In this study, the permeate flux was calculated from F=V/(A*t), where F is the liquid flux across the membrane (l h -1 m -2 ), A the membrane surface area in contact with the liquid (m 2 ) and V the volume of the permeate collected (l) during time t (h).
The measured flux decline during the cross-flow micro-and ultratfiltration processes of TDPW is shown in Fig. 2a for 0.2 µm and 0.05 µm ceramic membranes respectively. At the beginning, permeation fluxes declined gradually until an invariable flux value (after 60 min of running time) was obtained. In this case, MF and UF membranes were able to provide a total oil removal percentage of 90% and 99% respectively at 0.5 bar TMP and a feed water temperature of 60°C. The TOC removal percentage for MF and UF membrane were about 24% and 73%, respectively. These results indicate that membrane fouling of different membranes used produce different fouling situations. 
Effect of TMP
In this work, the TMP, as one of the most important operating condition factor, was investigated. For almost all experiments, results showed an increasing flux for higher TMP values over the whole process time (Fig. 2b) . The effect of TMP on filtration flux within the operation time of MF and UF membranes shows that the initial and pseudo-steady flux increased with higher pressure but the increase extent decrease, which was similar to the results obtained in former studies [10, 26, 27] . 05 µm) process. In summary, a positive effect of the pressure on the permeate flux was observed for the investigated membranes. However, higher TMP requires more electrical power, thus increasing overall energy consumption.
Effect of feed characteristics
In this work, the effect of feed concentration on the permeate quality (regarding the oil, TOC and salt content) and permeate flux of single and combined 3-stage processes was investigated, using different model solutions and TDPW.
Effect of different initial oil concentrations
Here, the effects of different feed initial oil concentrations on permeate flux, removal of oil and TOC is investigated. As shown in Fig. 4a and 5b the performed investigations indicated that there was a gradual decline of the permeate flux along with increasing oil concentration of the feed. Fig. 4a shows the comparison of flux degradation of a 1 kD NF ceramic membrane for different concentrations of prepared model solutions (10% and 20% (w/w)) within 60 min of operation time. In case of model solution with an initial oil concentration of 10% (w/w), the permeate flux declined from initially 110 to 58 l h -1 m -2 after 1 hour running time. Using model solution (oil concentration: 20% (w/w)), a decrease in the permeate flux from initially 60 to 33 l h -1 m -2 after a running time of 1 h was observed. This is due to the fact that membrane performance strongly depends upon the feed stream. The high flux in combination with a strong chemical composition of the feed causes much more rapid fouling. In Fig. 4b the change of permeate flux, conductivity and pH in permeate samples is shown as a function of time for a 1 kD NF ceramic membrane using model solution (10% (w/w)) and initial NaCl concentration 30 g l -1 . Oil removal percentage for NF membrane was about 44%. Fig. 5a shows the single treatment performance utilizing 0.2 µm MF to process model solution with 10% (w/w) initial oil concentration. The degree of efficiency of the MF process was assessed in terms of the permeate flux rate, fouling characteristics, and the degree of oil removed. The change in permeate flux rate after 10 min of running time at a constant TMP of 1.0 bar and a temperature of 60°C, average percentages of feed concentration and removal for microfiltrated oil measured in steady state after 16 hours are shown in Table 3 . Effect of initial salinity (NaCl). Oil and grease are the constituents of produced water that receive the most attention in both onshore and offshore operations, while salt content (expressed as salinity, conductivity, or total dissolved solids) is also a primary constituent of concern in onshore operations [2] . Produced water includes largely salts and oil hydrocarbons which may be toxic to environment [28] . Salinity refers to the amount of total dissolved salts (TDS) in water and is frequently measured by electrical conductivity (EC), because ions dissolved in water conduct electricity and actual TDS analyses are expensive to conduct. EC levels of more than 3,000 μS cm -1 are considered saline [29] .
In the presented investigations, the salinity of model solutions was adjusted by adding NaCl in different concentrations (200 mg l -1 , 400 mg l -1 , 30 g l -1 and 250 g l -1 ). In all experiments, different samples of permeate and concentrate flows were taken to determine the salinity, expressed as electric conductivity. Figures 4a and 5b show that the permeate flux of both UF (20 kD) and NF (1 kD) ceramic membrane decreases with increase in salinity of the used model solution from 200 mg l -1 to 400 mg l -1 at constant TMP of 1.0 bar. Data presented in Table 4 are representative of the broad range of experimental results for oil and TOC removal efficiency and reduction of electrical conductivity obtained from 2-stage (MF followed by UF) and 3-stage filtration processes (MF followed by UF/NF) using different ceramic membranes and feed solutions respectively. Table 4 Summary of results derived from 0.1 µm, 0.05 µm and 1000 Da ceramic membranes using different feed solutions after filtration across the membranes. TMP, 0.5 and 1.0 bar; temperature, 60°C EC: electric conductivity; Re.: removal; NA: not available
CONCLUSIONS
In this work a study was performed for the treatment of oilfield produced water and model solutions using different ceramic membranes to examine the effects of feed oil, salt content and transmembrane pressure on the permeate flux rates and degradation, fouling behavior, oil and TOC removal efficiency and conductivity reduction. The following conclusions were obtained: (1) excellent techniques to remove oil from oilfield produced water and prepared oily model solution, (2) the permeate flux declined faster with increasing feed concentration (regarding the oil content and salinity) and smaller membrane pore sizes, (3) the increase in TMP from 0.5 to 2.0 bar, resulted in a increase of permeate flow rate and subsequent increase in convective transport of oil droplets to the membrane, (4) total removal percentage of oil content ranged from 45-93% for MF and 80-99.5% for UF followed by NF, while TOC removal ranged from 3-26% for MF and 13-60% for UF followed by NF, (5) to clean ceramic membranes fouled by oilfield produced water, back flushing was assessed (in terms of flux recovery) as more effective than chemical cleaning using various lye solutions, as it was reported previously [10, 26, 27, 30] .
